ABSTRACT: Various methods are available to estimate reference evapotranspiration (ET 0 ) from standard meteorological observations. The Penman-Monteith method is considered to be the most physical and reliable method and is often used as a standard to verify other empirical methods. This study estimates and compares the monthly ET 0 calculated by 3 methods at 580 Chinese stations over the last 50 yr. The Penman-Monteith method is used here as a reference, and its spatial and temporal differences with the Thornthwaite method and pan measurement are evaluated. The results show that: (1) in terms of spatial difference, the Thornthwaite estimates show different regional patterns, while pan measurements display a consistent regional pattern; (2) the temporal variability of ET 0 is much better represented by pan measurements than by the Thornthwaite estimates. Overall, pan measurements are more useful than the Thornthwaite estimates if appropriate pan coefficients are determined. The Thornthwaite method only considers the temperature and latitude and gives unreliable results under dry conditions, e.g. in NW China. With reference to the Penman-Monteith estimates, the correction factors (pan coefficients) of pan measurements for the whole of China, and the regional averages over the 10 major drainage basins are determined. The average value lies between 0.6 and 0.8, although a seasonal and regional difference is present.
INTRODUCTION
Evapotranspiration (ET) is an important component of the hydrological cycle and is essential for understanding land surface processes in climatology. In ecosystem and agriculture studies productivity is closely linked to actual ET. In practice, estimation of actual ET is often made by using information about potential ET and soil moisture (e.g. Dyck 1983 ). The potential ET, formally defined as 'wet-surface evaporation', is the ET governed by available energy and atmospheric conditions, as the water availability is not a limiting factor. Thus, potential ET is a function of atmospheric forcing and surface types. In order to remove the influence of surface types, the concept of reference evapotranspiration (ET 0 ) was introduced to study the evaporative demand of the atmosphere independent of crop type, crop development and management practices (Allen et al. 1998 ). ET 0 is defined as the potential ET of grass. As water is abundantly available at the reference evapotranspiring surface, soil factors do not affect ET 0 . Relating ET 0 to a specific surface (grass) rovides a reference from which ET for other surfaces can be estimated (Doorenbos & Pruitt 1977 , Allen et al. 1998 .
There is a long history in the study of ET and relating it to meteorological variables, and the earliest method dates back to the beginning of the 19th century (e.g. Brutsaert 1982 ). Since then, many methods have been developed, which can be grouped into 6 categories (e.g. Xu & Singh 2002) : (1) water budget methods (e.g. Guitjens 1982) ; (2) mass-transfer methods (e.g. Harbeck 1962 ); (3) combination methods (e.g. Penman 1948 , Monteith 1965 , for the FAO Penman-Monteith method see Allen et al. (1998) ; (4) radiation-based methods (e.g. Priestley & Taylor 1972) ; (5) temperature-based methods (e.g. Thornthwaite 1948 , BlaneyCriddle 1950 ; and (6) pan evaporation methods (e.g. Allen et al. 1998 ). In general, techniques for estimating ET 0 are based on one or more atmospheric variables, such as air temperature, solar or net radiation and humidity, or on some measurements related to these variables, like pan evaporation. Certain of these methods are accurate and reliable; others provide only a rough approximation. Most of the methods were developed for use in specific studies and are most appropriately applied to climates similar to that where they were developed (Chattopadhyay & Hulme 1997) .
The Penman-Monteith method is recommended as the sole standard by the FAO (Allen et al. 1998 ). The classic Penman-Monteith method combines both energy and mass balances to model ET 0 . It is based on fundamental physical principles, which guarantee the universal validity of the method. However, it needs a number of meteorological variables which may not be available everywhere. In this study, the PenmanMonteith method is used as a standard to evaluate the performance of other methods.
Since air temperature is a widely available variable, the Thornthwaite method, a simple method developed by Thornthwaite (1948) that uses only air temperature and latitude of the site to estimate ET 0 , is widely used in the literature. 'However, because it can be computed from temperature and latitude, it has been one of the most misused empirical equations generating inaccurate estimates of evapotranspiration for arid and semiarid irrigated areas' (Jensen 1973) . Although the method is not recommended for use in areas that are not climatically similar to the east-central USA, where it was developed (Jensen 1973) , it has also been used in China by some researchers (e.g. Ma & Fu 2001) . In this study, the applicability of the Thornthwaite method to climatic conditions in China is evaluated in view of the advantage that the method offers in calculating ET 0 by using temperature alone, which is the most commonly determined meteorological variable in this part of the world.
The pan measurement method uses pan evaporation to estimate ET 0 and is another common method, especially in Asian countries. The evaporation rate from pans filled with water is easily obtained. In the absence of rain, the amount of water evaporated (mm d -1 ) corresponds to the decrease in water depth. Pans provide a measurement of the integrated effect of radiation, wind, temperature and humidity on the evaporation from an open-water surface. Although the pan responds in a similar fashion to the same climatic factors affecting crop transpiration, several factors produce differences between loss of water from a water surface and that from the surface of crops (e.g. Allen et al. 1998) . Storage of heat within the pan can be appreciable and may cause significant evaporation during the night, while most crops transpire only during the daytime. There are also differences in turbulence, temperature and humidity of the air immediately above the respective surfaces. Heat transfer through the sides of the pan affects the energy balance. However, the pan has proved its practical value and has been widely used to estimate ET 0 . Applying empirical coefficients to relate pan evaporation to ET 0 for periods of 10 days or longer may be warranted (Allen et al. 1998) . In China, the network for pan measurements is much denser than that of meteorological stations, but in order to make good use of pan evaporation data, spatial and seasonal variations of the pan coefficient need to be determined with accuracy. This study evaluates the performance of the pan measurement method and, by comparing it with Penman-Monteith ET, the seasonal and spatial variations of the pan coefficient are determined.
In China, many studies have attempted to estimate ET 0 (Zhu &Yang 1955 , Lu et al. 1965 , Qian & Lin 1965 , Gao et al. 1978 , often for calculating the humidity index for climate regionalization. However, many of the investigations are regional in nature. Furthermore, only 1 of the methods is usually used in a region or at a small number of selected stations over the country (e.g. Axel 2000); comparison of different methods at regional and national scales is rare.
The objectives of this study are: (1) to estimate ET 0 for the whole of China by using the Penman-Monteith and Thornthwaite methods and pan measurements; (2) to compare the Thornthwaite estimates and pan measurements with the Penman-Monteith estimates; and (3) to determine the extent to which the Thornthwaite method and the pan measurement data can be useful in estimating ET 0 for various parts of China.
DATA AND METHODS

Data on climate and water evaporation
Monthly climate data from 1951 to 2000 at 580 meteorological stations (Fig. 1 ) in China were used in this study. They include the data needed to calculate ET 0 , namely mean air temperature, mean maximum and minimum temperature, mean sunshine duration, wind speed and humidity, as well as the monthly water evaporation in a pan of 20 cm diameter. The time series of most stations span more than 40 yr; those from only 10 and 1% of stations are between 35 and 40 yr for pan and monthly mean temperature, respectively.
Penman-Monteith method
According to the FAO (Allen et al. 1998) ), e s is the saturation vapor pressure (kPa), e a is the actual vapor pressure (kPa), e s -e a is the saturation vapor pressure deficit (kPa), ∆ is the slope vapor pressure curve (kPa °C ). The computation of all data required for the calculation of ET 0 followed Chapter 3 of FAO Paper 56 (Allen et al. 1998 ). The only difference is that in calculating solar radiation using Eq. (35) in Allen et al. (1998) , the recommended values for the parameters a s and b s were not used; instead, we chose to use the regional values determined by Zhu (1982) , as they were based on measurements in China. The constants were given for 4 regions: NE China, east China, NW China and the Tibetan Plateau.
Thornthwaite method
Thornthwaite (1948) correlated mean monthly temperature with ET, as determined from water balance for valleys in the eastern USA where sufficient moisture water was available to maintain active transpiration. The Thornthwaite formula for monthly ET 0 (mm) is:
Where T is the mean temperature for the month (in°C ), I is the annual thermal index, i.e. the sum of monthly indices i [i = (T / 5) 1.514 ], d is a correction factor which depends on latitude and month, and a is 0.49 + 0.0179 I -0.0000771 I 2 + 0.000000675 I 3 .
Pan evaporation
There are different pans for measuring evaporation, and the one with a diameter of 20 cm and a height of 10 cm is used in China. It is made of metal and has a veil on it. It is installed 70 cm above the ground. The water level is measured at 20:00 h Beijing time every day. A base level of 20 mm water depth is set daily. The evaporation is equal to base + rainfall -remains. Since the 1980s, another type of pan (E-601), 61.8 cm in diameter, has been used in China. Parallel measurements at selected stations in China show that the small pan and the E-601 pan give different results; however, the difference is fairly systematic so that a correction factor has been established (Liu et al. 1998) . From 1995, the E-601 pan was replaced by another pan (E-601B) made of glass fiber reinforced plastics, and until June 1998 the entire network of about 600 stations in China had been equipped with this type of pan. The values observed using this pan are closer to actual evaporation from small and middle-sized bodies of water than those of the other pans. A coefficient for conversion from the small evaporation pan to the E-601B pan in China was obtained by Ren et al. (2002) .
Evaluation
Due to its solid physical basis, the ET 0 estimated by the Penman-Monteith method is considered the most reliable and used as the reference to which the other 2 estimates are compared. The comparison is made for each station on seasonal and annual bases. For the spatial distribution the following 3 measures are given: (1) relative bias, (2) relative root mean square error (RMSE), and (3) correlation coefficient. Note that the relative biases and errors are normalized against the means of the Penman-Monteith estimates. 
Annual
The biases and RMSE summarize the error statistics over the whole period and give an averaged difference in 2 different ways. In reality, variation from year to year is large, and how this variation is reflected in the estimate gives a good indication about how the method works. Furthermore, the temporal variation of evaporation is considered as an important indicator of climate change (Peterson et al. 1995 , Brutsaert & Parlange 1998 . Fig. 2 shows the seasonal and annual ET 0 over China, estimated from the Penman-Monteith method. In spring, there is a great gradient of air humidity over China. The distribution pattern of the humidity resembles that of ET 0 , indicating the important role played by air humidity during this season. In summer the spatial differences are relatively small, while the absolute values are relatively high due to the strong solar radiation in the south and the low humidity values in the north. The maximum value occurs in the NW part of the country where the summer monsoon has a negligible influence. Autumn reveals a fairly homogeneous spatial distribution, while winter shows a clear southnorth gradient, indicating the dominant role of radiation. The annual distribution shows low ET in the middle of the Yangtze River Basin and in NE China and high ET in NW and SW China.
RESULTS AND DISCUSSION
Penman-Monteith method
Thornthwaite method
An examination of the seasonal and annual estimates of the Thornthwaite in comparison with the Penman-Monteith estimates shows great differences, especially on a regional basis. Fig. 3 shows the annual biases with the Penman-Monteith method. Although not shown, on a seasonal basis the Thornthwaite method overestimates the ET 0 in SE China and underestimates it in other parts of China in spring, summer and autumn, whereas there is an underestimation in winter over the entire country. Since the Thornthwaite method is an empirical method based on observations made in the eastern USA, its application under Chinese climatic conditions may be problematic, at least with its original parameter values. The annual bias indicates that the Thornthwaite method overestimates ET 0 over the monsoon affected areas where climate is relatively humid, while for arid and semiarid parts of China it produces an underestimation. Fig. 4 shows the distribution of annual relative RMSE of the Thornthwaite estimates. The annual relative RMSE ranges from 3.8 to 65.7% across China.
The correlation coefficients between the 2 estimates on an annual basis are shown in Fig. 5 . On a seasonal basis (not shown) there exists a better agreement during spring and summer than during winter and autumn. The regional differences are fairly large over all 4 seasons. On average, there is a moderate correlation between the two, indicating that the Thornthwaite method only accounts for a small part of the temporal variability over China. Furthermore, on an annual basis, the NW and part of inner Mongolia show a neg- 
Pan measurement
Since pan measurements are made for the water surface of a relatively small area, a large positive bias is expected. Fig. 6 shows a consistent regional picture of the bias with high values in northern and NW areas and low values in the south. This is certainly a reflection of the different humidity conditions across China. The annual estimates have a relative bias from 21.4% in the south to 155.1% in the north and NW.
Due to the consistent positive bias over all seasons and regions, a large relative RMSE is expected. Fig. 7 displays the annual relative RMSE for pan measurement, which to a large extent is caused by the positive bias showed in Fig. 6 . Pan measurements in part of the south are fairly close to the Penman-Monteith estimates on an annual basis.
Because the bias is consistently positive over the entire country, the deviation of pan measurement from the Penman-Monteith estimate is fairly systematic over various regions. Seasonal (not shown) and annual correlation coefficients (Fig. 8) are all positive, which shows that temporal variation in pan measurement follows that of the Penman-Monteith estimates. For most regions and seasons the correlations are fairly high, indicating that the pan measurement simulates the change in all relevant meteorological conditions fairly well. This may not be surprising as pan evaporation measures the integrated effect of radiation, wind, temperature and humidity on the evaporation from an open-water surface.
The high correlation and systematic difference make pan measurement a suitable substitute for the Penman-Monteith estimates. In fact, this kind of measurement has been widely used (e.g. Guo et al. 2002) . Typically, pan measurements are directly used, together with precipitation, as the inputs to a hydrological model, and then the model is calibrated against other observations to get suitable model parameters. It should be noted that the values of the related para- meters calibrated in this way will be biased from the true values. Ideally, the input to the model should be the pan measurement data multiplied by the pan coefficient as obtained in this study so that the parameters determined will be reasonable and the model simulation realistic. In addition, some other applications, such as water requirement estimates for a crop, require the ET 0 as defined by the FAO. Therefore, a correction of the pan measurement by multiplying it by the pan coefficient would also be necessary to give a better estimate of ET 0 . The correction factor (pan coefficient), defined as the ratio of the Penman-Monteith estimate to that of the pan measurement, is calculated for each station and month and interpolated to give a regional distribution pattern for the whole of China. Fig. 9 shows the ratios on seasonal and annual bases. There is some variation in the ratio across China. As a whole, the ratio varies between 0.4 and 0.8 with an average of about 0.6. This spatially interpolated seasonal correction factor can be used to convert pan evaporation measurements into ET 0 in places where there are no meteorological data available to calculate ET 0 .
Summary
For hydrological applications, the drainage basin is the unit to consider and the characteristic of the time series is of importance. The long-term variation properties of pan measurements and ET 0 estimated by the Penman-Monteith and Thornthwaite methods, as measured by the temporal trend and the correlation coefficient of the linear trend, are summarized in Table 1 for the 10 major catchments in China. In Table 1 the trend is the slope of the linear regression, with evaporation as the dependent variable and time as the independent variable. Table 1 shows that: (1) According to the Penman-Monteith estimates, evapotranspiration in 3 catchments has an increasing trend, of which 1 is significant (Song Hua in NE China); the remaining catchments have a decreasing trend, of which 4 are significant. (2) In 9 out of 10 catchments the pan estimates show the same trend direction as those of the Penman-Monteith method but are greater in magnitude in most cases. The only exception is the Yellow River Basin, where a decreasing trend is found with pan measurements. (3) The Thornthwaite estimate gives an increasing trend for all the catchments which is very different from the other 2 methods. The reason is that in most regions of China air temperature has been increasing during recent decades, while wind speed and solar radiation have been significantly decreasing during the same period (e.g. Xu et al. 2004) . Accordingly, ET calculated by the Thornthwaite method, which uses only temperature as input data, shows an increasing trend for all catchments, while the Penman-Monteith method and pan evaporation provide a measurement of the integrated effect of radiation, wind, temperature and humidity. Table 2 gives the relative biases and RMSE and the correlation coefficient between the Thornthwaite method, and pan and Penman-Monteith estimates: (1) For the long-term average values there is a systematic deviation between pan evaporation and PenmanMonteith evapotranspiration, which resulted in a consistent bias between the 2 estimates. The correlation coefficient between the 2 estimates is quite high and significant. Thus, pan measurement can be used to 
CONCLUSIONS
(1) ET 0 estimated by the Penman-Monteith method as recommended by the FAO shows large regional differences and seasonal variation over China.
(2) The Thornthwaite method overestimates ET 0 in SE China where ET 0 is low, and underestimates it in northern and NW parts where ET 0 is high. In addition, this method does not follow the temporal variation well. The reason is that the Thornthwaite method uses 131 (3) Pan measurement shows a systematic deviation from the Penman-Monteith estimate, and the seasonal and regional structures of this deviation are fairly stable. Furthermore, the temporal variation of ET 0 is much better represented by pan measurement than by the Thornthwaite method. The positive and high correlation in time plus the consistent regional and seasonal deviation indicate that pan measurement can be a good substitute for the Penman-Monteith method if appropriate corrections are made to account for the systematic errors.
(4) The correction factors (pan coefficients) for 10 major river basins in China can be used to estimate regional ET 0 from pan measurement. The annual mean pan coefficient ranges from 0.4 to 0.8 with an average of about 0.6 for the whole of China.
(5) In most drainage basins of China, the values of ET 0 estimated by Penman-Monteith and water evaporation measured by pan have decreased in the past 50 yr. A recent study (Xu et al. 2004) shows that the decrease in ET is the result of decrease in wind speed and net radiation, which in turn can be attributed, to some extent, to the increase in urban areas and air pollution. Further study is needed to evaluate how the decrease in ET 0 affects the actual ET.
